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In September 2013, the US Colorado Front Range experienced an extreme rainfall 
event causing mass flooding in the region. Many Front Range rivers were impacted and 
subsequently restored, especially those adjacent to roadways. Channel restoration 
practices often lack a standard approach, and evaluating project success is usually 
lacking. An assessment framework was developed incorporating both ecological and 
geomorphic variables in addition to project-specific objectives, applied to the Little 
Thompson River. Topographic and functional traits vegetation surveys were conducted at 
both the restored reach and an upstream reference reach, with the ultimate goal of 
contributing to the knowledge of best practices in river restoration. At the restored site, 
the Forest Service implemented a step-pool/pool-riffle morphology design, (0.024 m/m 
slope and 112 km2 drainage area). The cross-sectional area of the designed channel is 
larger than as-built plans for the two-year recurrence interval flow, and not consistently 
connected to the floodplain. Furthermore, grain-size analysis indicates a coarse-tailed 
distribution (D50 = 55 mm and D90= 126 mm) and a steeper slope than was designed, due 
to road reconstruction. Results indicate that typical flows are unable to mobilize the 
median grain size. The restored reach has a smaller slope (0.013 m/m) and grain size 
distribution (D50 38 mm = and D90 = 108 mm) than the reference, showing that the 
	
	 iv 
reference reach has reached an equilibrium between the channel morphology, grain size 
distribution, and hydrological regime, whereas the restored reach has not reached an 
equilibrium. Vegetation surveys indicate that, of the five woody vegetation types planted, 
only willows are thriving, comprising 72% of vegetation present. In contrast, five years 
after project completion, 22% of present vegetation recruited naturally, consisting 
predominantly of cottonwoods that require flood disturbance for recruitment. The 
reference reach has a denser and more diverse plant community, despite significant 
riparian zone erosion in 2013. Using an ANOVA and Tukey’s HSD to compare plant 
height, basal diameter, distance from the thalweg, and elevation above the thalweg by 
species, there was a significant difference (p-values <0.05) in elevation above the thalweg 
for willows. The restored willows 1.0 -1.6 m higher above the thalweg at the restored 
site.  The oversized constructed channel may result in the vegetation being disconnected 
from typical flows with potential implications for future vegetation-river interactions, and 
ecological viability. These results raise questions about a secondary human disturbance 
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RIVERS: THEIR COMPLEXITY  
AND IMPORTANCE 
Natural rivers and their floodplains are among the most productive and biodiverse 
ecosystems on Earth, but also one of the most endangered, making freshwater organisms, 
in turn, some of the most endangered species on Earth (Wohl, 2016). We depend on 
rivers to supply services such as irrigating crops, drinking water, power, waste 
assimilation, flood control, and recreation. As such, rivers are treated as conduits of water 
supply, resulting in heavy-handed engineering that simplifies, straightens, and hardens 
channels. These management actions have interfered with fluxes of water, sediment, and 
nutrients, as well as simplified the habitat and structure of river systems (Beechie et al., 
2010). Recognition of loss of ecosystem services and value of functioning rivers has led 
to the need to restore rivers. However, current management and restoration often fail, 
because they do not consider natural dynamics of the flow, only considering minimum 
flows rather than the distribution and timing of a range of flows, including extreme 
flooding events (Poff et al., 1997). 
Ecological functions of natural flow regimes include: 1) sediment transport which 
imports and exports organic resources, 2) high flows that maintain ecosystem 
productivity and diversity, 3) importation of woody debris creating habitat, 4) scouring of 




provide recruitment opportunities (Poff et al., 1997). The natural flow regime also 
controls the timing of flows, critical for the life cycles of many species and flashiness that 
can help regulate non-native species (Poff et al., 1997). The habitat of a river varies 
spatially throughout the system and includes sediment size and heterogeneity, channel 
and floodplain morphologies, and woody debris. There is also a strong link between 
sediment mobility and habitat diversity (Wohl, 2016). Complexity in river systems refers 
to the simultaneous presence of simple and complicated behaviors or the presence of 
nonlinear dynamics, self-organization, and emergent properties. It is thought that all 
forms of spatial heterogeneity within a river corridor are likely to have an associated 
function (Wohl, 2016). Complexity is important for at least six reasons because it, 1) aids 
in habitat diversity which can correlate with biodiversity, 2) influences the attenuation of 
downstream fluxes, 3) aids in the resistance and resilience of rivers to disturbance, 4) 
reflects and influences river processes, 5) aids in our ability to characterize patterns and 
detect changes through time and space, and 6) integrates the preceding five reasons, 
which is gaining traction in river management and restoration (Wohl, 2016). 
Disturbances in river systems range from erosion, rerouting the channel, changes to the 
flow regime, and change or removal of vegetation. Not all channel types will respond the 
same way to the same disturbance. Understanding the channel morphology, processes, 
and external influences at the reach-scale allows us to better predict the response of the 
reach based on the type of disturbance (Montgomery and Buffington, 1997). When rivers 
undergo a disturbance, they, along with their ecosystems, experience changes to the 
connectivity to their floodplains, disturbance regime, and biodiversity (Bauer et al., 




providing ecosystem services, most notably, driving the succession of vegetation. 
Although flood disturbances are natural components of river systems, they are increasing 
in both frequency and magnitude due to anthropogenic influences (Poff, 2002).  
 Vegetation has adapted to coexist with its disturbance regime. Riparian vegetation 
responds to the magnitude and frequency of flows, and in turn, impacts the flow, 
transport of sediment, and stability, which then influences the geomorphic form (Diehl et 
al., 2017; Gurnell, 2017). Plants have adapted to fluvial disturbances and stressors, 
including different flows, sediment supplies, and vegetation cover. A topographic 
signature of the expected distribution of species exists, and certain traits dominate at 
different elevations and distances from the channel (Poff et al., 1997; Diehl et al., 2017), 
(Figure 1). These traits are referred to as functional traits—measurable characteristic of a 
plant (organism) that represents the relationship between environmental factors and the 
species (response trait) or between the species and ecosystem processes (effect trait). A 
functional traits approach allows for comparisons across sites and regions in which 
different species occur (Lytle et al., 2017).  
Figure 1. Different flow stages are associated with different geomorphic and ecological 





Along with vegetation, the channels adjust according to their flow regime and 
flood disturbances. The morphology of an alluvial channel is a representation of the 
transport capacity and sediment supply of the watershed, reflecting the relative 
magnitudes of transport capacity to sediment supply (Montgomery and Buffington, 
1997). Presumably, over long timescales, there is an equilibrium in sediment transport 
where the sediment in equals the sediment out; however, the sediment load is not always 
equal to the carrying capacity of the channel, this only happens momentarily (Lane, 
1954). Channel patterns of alluvial systems are influenced by geomorphic and hydrologic 
characteristics, including the slope, discharge, confinement, sediment supply, sediment 
size, bank strength, and wood loading (Beechie and Imaki, 2014). Using these 
characteristics and features, the channel-reach morphology can be identified using the 
classifications of Montgomery and Buffington (1997). Disturbances that change the 
hydrology, sediment supply, and riparian vegetation can alter the channel processes and 
morphology, disrupting the equilibrium (Lane, 1954). These disturbances can have 
impacts on the coupling of the hillslope and channel (connectivity), the sequence of 
upstream channel types, and the morphology of the site (Montgomery and Buffington, 
1997). Traditionally, stream evolution models only consider geology and hydrology as 
high-level driving forces (Lane, 1954; Leopold and Wolman, 1957; Schumm, 1985). 
Recently, there is a push toward including biology as a third high-level driver, rather than 
a low-level driving force, to better understand complexity and disturbance responses in 
stream evolution (Castro and Thorne, 2019). The stream evolution approach 
incorporating biology, geology, and hydrology includes all has high-level drivers, and is 




for example, that biology, both flora and fauna, has the ability to influence fluvial 
processes. Some examples of biological influences include large wood, beaver dams, 
mussels and macroinvertebrates, and spawning fish (Castro and Thorne, 2019).  
2013 FLOODS 
In September 2013, the US Front Range of Colorado experienced an extended 
rainfall event that lasted 10 days, with as much as 457 mm of rain (approximately the 
annual average rainfall) falling in some places (Figure 2). An event this large is highly 
unusual, with a recurrence interval of over 1,000 years, and resulted in mass flooding 
along the Front Range (Yochum, 2015). There have been previous studies (Gochis et al., 
2015; Yochum, 2015; Yochum et al., 2017) of this rainfall event, as well as the 
implications it has had on discharge and flooding throughout the Front Range. Peak flows 
have been estimated to be as high as 1699 m3/s on the South Platte River at Fort Morgan 
(Yochum, 2015) compared to an average two-year flow of 413 m3/s (Kohn et al., 2016; 
Capesius and Stephens, 2009).  
These floods caused massive damages to channels and infrastructure throughout 
the Front Range. Subsequently, many reaches were restored, especially those adjacent to 
roadways. The flooding caused over two billion dollars in damages (Gochis et al., 2015).  
Over 100 restoration projects resulted from the flood, and the Colorado Water 
Conservation Board has established a flood recovery project-monitoring program. The 
monitoring program has outlined 80 reaches to incorporate into the monitoring and has 
published their methods, with results to follow (Beardsley and Johnson, 2018). 




laboratory in which to study river restoration approaches and outcomes, such that we can 
learn from these events.  
Figure 2. Total precipitation for the 2013 storm. Map is in an Albers projection with 
north at the top of the page (Climate Control Center at Colorado State University). 
 
RIVER RESTORATION 
 River restoration is a multibillion-dollar industry in the United States alone (Holl 
and Howarth, 2000; Palmer et al., 2005; Wohl et al., 2015), yet integration of geomorphic 
conditions with ecological conditions is understudied in the literature, while becoming 
more critical in the face of climate change (Wohl et al., 2015; Castro and Thorne, 2019). 
There is also the issue of public perception in river restoration, as complex rivers are 
viewed as messy and the engineering mandate is to simplify rivers to increase 




their riparian zones and floodplain, and the water and sediment inputs. Goals can range 
from dam removal, habitat creation, bank stabilization, to aesthetics and recreation. There 
is a distinction between restoration projects designed to reconnect rivers vs. reconfigure 
rivers. Reconnection of rivers refers to the removal of structures limiting the interactions 
between the channel and its floodplains or structures that disconnect the longitudinal 
profile of the channel (i.e. dams). Reconfiguration refers to reshaping, replanting, or 
reconstructing physical features of the channel or riparian zones (Bernhardt and Palmer, 
2011; Wohl et al., 2015). 
Within the scientific community, there is agreement that clear goals for the 
restoration are critical for restoration success (Beechie and Imaki, 2014; Wohl et al., 
2015). Palmer et al. (2005) stated that for a restoration project to be considered 
successful, it must restore the natural processes, creating hydraulic, geomorphic, and 
ecological conditions that are resilient and self-sustaining within the natural flow and 
disturbance regime. Restoration project goals are not always appropriate given the setting 
of the channel. Quantifying the effectiveness of restoration design starts with the 
development of a set of standards. Beechie et al. (2010) have defined a set of process-
based principles for restoring river ecosystems. They have outlined a set of four 
principles based on the driving processes of the ecosystem features at both the watershed 
and reach scales. These principles are: (1) target root cause(s) of change, (2) tailor 
restoration actions to the local potential, (3) match the scale of restoration to the scale of 
the problem, and (4) be explicit about expected outcomes (Beechie et al., 2010). 
Targeting the cause(s) of degradation involves identifying the driving forces responsible 




means the channel and riparian conditions implemented are matched to the physiographic 
and climatic setting during the restoration project. River processes are dynamic and act 
on different spatial and temporal scales. Matching the scale of restoration to the scale of 
the problem is relatively straightforward; actions should be implemented such that they 
address processes that are impacted at the same scale. Explicit outcomes that are expected 
should incorporate quantifiable metrics to be able to measure the success of the 
restoration project. There are three types of restoration action plans: 1) full restoration, 2) 
partial restoration, and 3) habitat creation. Full restoration refers to restoring the 
processes responsible for creating and maintaining habitat, partial restoration refers to 
restoring or improving selected ecosystem services, and habitat creation refers to 
improving the quality of habitat by only treating specific symptoms that focus on 
appropriate habitat. Of course, full restoration is ideal, but it is not always possible (e.g., 
dams that cannot be removed). 
Choosing what to restore the river system to is relatively straightforward when 
taking a process-based approach; still, Palmer et al. (2005) has laid out complementary 
approaches to aid in restoration project development. Complementary approaches or a 
guiding image for restoration includes gathering historical information to establish prior 
conditions, using an undisturbed reference site, using appropriate stream classification 
systems, and using a little bit of common sense (Palmer et al., 2005). It is also important 
to note that it may not be appropriate or worthwhile to restore a reach; efforts may be 








The motivation of this project was to develop a restoration assessment framework 
incorporating both ecological and geomorphic variables in addition to project-specific 
objectives, applied to the Little Thompson River (Figure 3) that was restored after 2013 
flooding. The ultimate goal is to contribute to the knowledge of best practices in river 
restoration. To complete this project, I integrated high-resolution topographic surveys, 
hydraulic modeling, and functional traits vegetation surveys at both the restored reach 
and the upstream reference reach. I used a vegetation functional traits framework to 
evaluate the condition of the environment with the stressors and resources present (Diehl 
et al., 2017) and process-based geomorphology literature to assess the geomorphic 
appropriateness of the design using my results compared to what is expected based on 
Montgomery and Buffington (1997) classifications. By placing my results from the Little 
Thompson River in the context of what is known about regional river processes and other 
rivers restored from the 2013 floods, my results have broader implications for restoration 
practices and evaluating success in analogous river systems. 
Objectives 
Given that the restoration approaches outlined in Beechie et al. (2010) and Palmer 
et al, (2005) are very complementary to each other, I will use both to assess the 




restoration targets restoring the geomorphic processes naturally found in rivers, while 
Palmer et al.’s (2005) five criteria focus on evaluating the ecological success of river 
restoration. Merging these two approaches offers a well-rounded combination to develop 
metrics and protocols to quantify river restoration success, which is the main objective of 
this project. Metrics I will include are vegetation, geomorphology or topography, and 
hydraulics, and their interactions with one another. Recently a new stream evolution 
model incorporates biology, serving as a basis of how vegetation can and do influence the 
morphology (Castro and Thorne, 2019). I will also evaluate the restoration project 
objectives of the restoration site on the Little Thompson River. 
Research Questions: 
Q1  Was the design morphology appropriate for the setting (Montgomery and 
Buffington, 1997)? 
 
Q2  Were project objectives met in terms of Beechie et al. (2010)? Did 
restoration actions address the root causes of degradation? Were 
restoration actions consistent with both physical and biological potential 
of the site? Were restoration actions in proportion to the scale of the 
degradation causes? 
 
Q3  Was the Palmer et al. (2005) ecological framework followed? Is the 
stream resilient to future disturbance and self-sustaining? Is there any 
lasting harm? 
 
Q4  Was the revegetation plan appropriate for the setting or even needed at all 




Both study sites are located within the Little Thompson watershed within the Big 
Thompson watershed, which is a tributary to the South Platte River. The watershed has a 




with some metamorphic rocks, including biotitic gneiss, schist, and migmatite. Land use 
near the study sites is largely forest and private as it still within the Front Range. Further 
downstream of the sites, the land use becomes urban and agricultural as it enters the 
foothills and onto the plains, including diversions from the Little Thompson River 
(Figure 3). 
Table 1. Channel characteristics of both study sites. 
Characteristic Restored Site Reference Site 
Drainage Area (km2):  112 62 
Mean Annual Precipitation (mm): 529 566 
Average Two-Year Flow;  
(StreamStats, USGS) (m3/s): 4.1 3.5 






Figure 3. Study site watershed, located approximately halfway between Estes Park and 
Lyons Colorado. The yellow line is the watershed boundary. The blue lines are the 
streams, all flowing toward the confluence located at the restored site. The sites are 
approximately one and half miles apart, with the reference site located upstream of the 
restored site.  
 
Restored Site 
The restored study site is a reach of the Little Thompson River at the confluence 
with the West Fork Little Thompson River. It is approximately 300 meters long and 
located at the intersection of Highway 36 and county road 47, approximately 10 miles 
north of Lyons, CO and halfway between Lyons and Estes Park (Figure 3), see Table 1 
for watershed characteristics (Kohn et al., 2016; Capesius and Stephens, 2009). The peak 
flow for the 2013 flood was estimated as 254 m3/s, corresponding to a flood return 





narrower with an active floodplain covered in a riparian vegetation zone (Figure 4). The 
flood removed the majority of the vegetation and destroyed the road (Figure 5).  
Figure 4. Restored site pre flood with an estimated streamline. The channel is narrow 








Figure 5. Restored site approximately one-month post-flood erosion, removal of 
vegetation and the road visible in the image, as well as human intervention including a 
makeshift road and coarse material containing the flow until channel restoration (Google 
Earth imagery 10/22/2013). 
In the Master Plan for the Little Thompson River, (Tetra Tech Inc., 2014) 
conceptual recommendations were to “incorporate strategies to increase resiliency against 
future floods across the entire watershed,” including the restored site. Recommendations 
included reconstruction of infrastructures such as roads and bridges, preservation of river 
and associated wetlands and floodplains, and mitigation of eroded uplands. At the 
restored site specifically, the restoration objectives were to 1) reduce the number of river 
crossings with the road and replace the remaining culvert with a culvert that increases 
capacity and aquatic passage and connectivity, 2) construct a low-flow channel, and 3) 
reconnect the floodplain corridor to the channel. The Forest Service implemented a step-
pool/pool-riffle morphology in their design (Figure 6 and Appendix B) and reduced the 
number of culverts and river crossings by moving the road to the other side of the channel 





was complete Wildlands Restoration Volunteers (WRV) revegetation the site. Since 
project completion, no previous monitoring or assessment has been done on the site to 
evaluate the success of the restoration project. The probable costs for restoration within 
the Little Thompson River watershed alone reported as 38.2 million dollars (Tetra Tech 
Inc., 2014). 
 
Figure 6. Post-restoration imagery of the implemented step-pool/pool-riffle morphology. 
Pools are shown in the orange circles. The road has been moved to the other side (Google 











Figure 7. Imagery of the reach from a drone flight, Fall 2018 (courtesy of Kacy Sylvia). 
There is minimal vegetation visible within the floodplain, even three years after the 
vegetation was planted. 
 
Reference Site 
The reference study site is a reach of the West Fork of the Little Thompson River, 
approximately 200 meters long, located along county road 47, and approximately one 
mile upstream of the restored site (Figure 3), see Table 1 for watershed characteristics 
(Kohn et al., 2016; Capesius and Stephens, 2009). Peak flow for the 2013 flood was not 
calculated, however, it appears to be similar to the restored site. Before the flood, the 
channel was narrower with an active floodplain covered in a riparian vegetation zone 
(Figure 8). The flood removed most vegetation and destroyed the road (Figure 9). This 
site is a good reference because it is upstream of the restored site, and thus a potential 
seed source for the vegetation. The West Fork of the Little Thompson River allows for 
determination if the designed reach fits in the downslope progression of channel 





the functional traits findings of the restored site to the upstream reference site, I will be 
able to say if the unrestored reference reach is more resilient than the restored reach and 
if human intervention plays a role in the resiliency of the stream.  
Figure 8. The reference site pre-flood with an estimated streamline, flowing form left to 
right. The channel is narrow with an active riparian vegetation zone (Google Earth 
imagery 2/29/2008). 
 
Figure 9. Restored site approximately one-month post-flood, removal of vegetation and 
part of the road visible in the image (Google Earth imagery 10/22/2013). 
 
METHODS OVERVIEW 
I developed a conceptual model, called the linkage triangle, to illustrate how the 
vegetation, hydraulics, and topography (geomorphology) are all linked to each other 
(Figure 10). Different vegetation traits dominate at different elevations above the 
thalweg, which are a result of different flows based on the hydrologic regime of the 
channel. Channel evolution is ultimately driven by the natural flow regime influencing 
the interactions between vegetation, hydraulics, and topography. For topography, I used 






the vegetation to the topography through vegetation plot surveys along the same cross-
sections, and finally linked the hydraulics to the topography by assessing bed mobility 
and inundation levels cross-sections. After linking the vegetation, hydraulics, and 
topography of each site, I compared the restored site to the reference site to address my 
research objectives. 
  
Figure 10. Conceptual model of interactions between vegetation with the geomorphology 
or topography, vegetation with the hydraulics, and hydraulics with the geomorphology. 
This concept is adapted from the natural flow regime and the stream evolution triangle 
(Poff et al., 1997; Castro and Thorne, 2019). 
 
Assessing Geomorphic  
Appropriateness  
Before the 2013 flood, the restored reach was narrow with an active riparian zone, 
it is difficult to classify the reach morphology due to lack of pre-flood data but it was 
most likely a pool-riffle morphology. Before the flood, the reach was in the ecological 
phase of the biogeomorphic succession sensu Corenblit et al. (2007), but the flood reset 
the reach to the geomorphic phase (Corenblit et al., 2007). This is true for many of the 
reaches impacted by the flooding, as Figure 11 illustrates. The reach was restored to a 
single thread step-pool/pool-riffle morphology and has self-adjusted to be a multi-




multiple parameters—including slope, drainage area, and grain size distributions—to the 
Montgomery and Buffington (1997) known classification type parameters. 
 
Figure 11. Figure from Little Thompson Master Plan (Tetra Tech Inc., 2014) showing a 
reach in the Blue Mountain neighborhood before (ecological phase) and after 
(geomorphic phase) the 2013 flood. 
Topographic Surveys, Sediment  
Transport, Flow Equations,  
and Hydraulic Modeling 
 
The Forest Service established 14 cross-sections during the restoration of the 
restored site, which I reoccupied. At the reference site, approximately 200 meters in 
length, I established cross-sections at approximately 50-meter intervals along the reach. I 
then surveyed the cross-sections and a longitudinal profile of the thalweg with a Trimble 
C5 Total Station at each site. Wolman pebble counts were conducted along all cross-
sections at both sites (Wolman, 1954). Pebble counts represent the size distribution of the 
sediment in the channel and are used to solve for the critical shear stress needed to move 
the grains that are present in the channel. Each pebble count consisted of 100+ pebbles 
that were greater than sand (2 mm). Sand was counted but not used in sediment transport 
equations because they are always assumed to be mobile (Church, 2006). I then 




sediment transport equations. The critical shear stress for mobilizing grains was found by 
using the equation: τc=τc*(ρs-ρ)gD50, where τ* is the dimensionless critical shear stress 
found using the power law equation (Pitlick et al., 2008): τc*=0.36S0.46, ρs is the sediment 
density (assumed 2,700 kg/m3), ρ is the density of water, and D50 is the median grain size. 
Grains are mobile when the boundary shear stress is equal to or exceeds the critical shear 
stress. I used a 1D HEC-RAS flow model to calculate different boundary shear stresses to 
assess bed mobility over various flow conditions, using the boundary shear stress 
equation: τo = ρ g R S, where R is the bankfull hydraulic radius, and S is the water 
surface slope (assumed same as bed slope here). This allowed me to link the grain size 
distribution to the hydrologic regime. I also compared grain size distributions between 
the sites using a two-sample Kolmogorov–Smirnov test to detect differences. 
HEC-RAS, a 1D hydraulic model, was used to simulate different flow conditions 
throughout the reaches. Both field and laboratory studies have found the stresses and 
grain sizes are not always highly correlated (Segura and Pitlick, 2015). The use of 
hydraulic modeling makes it possible to simulate the forces involved in sediment 
transport. I more specifically modeled variations in discharges to extract shear stresses as 
they relate to sediment transport. Inputs for the models included slope, cross-section 
geometry, and bed roughness. I calculated roughness using four different equations: 
Jarrett’s, Limerino’s, Anderson’s, and Lane’s (Table 5). I then used Lane’s n, as it was 
the most similar to conditions estimated in the field (Barnes, 1967). To deal with the 
confluence at the restored site, I broke the reach into upstream and downstream sub-
reaches. I then compiled the sub-reaches to have a single output for the restored reach. I 




critical shear stress of the cross-sections along the reach, as gravel bed streams are near 
the threshold of motion for sediment transport to occur (Church, 2006). The effective 
discharge transports the most sediment and is thought to be responsible for the channel 
size, therefore the effective discharge is approximately equal to the bankfull discharge 
(Andrews, 1980). The recurrence interval of the effective discharge and the bankfull 
discharge has been found to be on average one and a half years (Q1.5) (Andrews, 1980). 
Because I did not quantify the Q1.5, I will used the Q2, knowing it should fill the channel 
and begin to go overbank. I then compared the mobility of the flows and sediment at each 
of the sites as a way to address the interactions between geomorphology and hydraulics. 
Vegetation Surveys 
As part of the restoration project, WRV planted vegetation at the restored site. At 
the restored site, the vegetation plan was to remove noxious weeds, apply an unknown 
mixture of seeds, and then net and mulch for erosion control. Later, they came and 
planted 950 willows, 200 alders, 500 rushes, and unknown numbers of Chokecherry, 
American Plum, and Wild Rose. The estimated value of volunteer labor is $31,285 
(McNally, 2018), however, the total revegetation cost is unknown. Within the WRV 
planted area, all woody plants were surveyed in using the Total Station. I then used the 
WRV planted list and compared it to the surveyed plants currently present at the site from 
the Total Station survey to quantify the survival rate of planted species as well as what 
species have recruited naturally through succession. This allowed me to assess resecearh 
question 4, what is the survival rate of the planted vegetation.  
 I conducted a functional traits survey at each site. Functional trait data were 




major changes in topography or vegetation. Within each plot, the percent cover of 
herbaceous species, woody species, and percent of bare ground, rock, and litter/mulch 
were recorded from visual estimations. I identified the woody species within the plots and 
recorded their heights and basal diameters. I then calculated plant densities using the 
number of woody species found with plots. The plot location was surveyed in and used to 





ASSESSING GEOMORPHIC  
APPROPRIATENESS 
 
From surveying of the restoration site (Figure 12A), slope of the restored reach 
was determined to be 0.024 m/m. Plotting the slope in Montgomery and Buffington’s 
(1997) boxplots, I found that the restored slope fit in the upper quartile of both forced 
pool-riffle and pool-riffle, the third quartile of plane-bed, and the minimum value of the 
step-pool (see Figure 13). Slope plotted against the drainage area also falls within the 
pool-riffle and plane-bed morphologies (see Figure 14). Finally, comparing the overall 
grain size distribution of the restored reach with the known morphologies plots most 
closely to the pool-riffle (see Figure 15. Compiling all the Montgomery and Buffington 
plots with the cross-sectional and longitudinal profile geometries and field observations, I 
am confident that the morphology of the restored reach is pool-riffle, which is 
appropriate.  
The designed slope was intended to be 0.022 m/m according to the Forest Service 
data (see Appendix B). Comparing the design slope to the Montgomery and Buffington 
boxplots shows that slope would be too low for a step-pool morphology channel (Figure 
13). However, they did not meet this slope in construction and actually implemented a 




Figure 12.  A) Longitudinal profile of the restored reach, resulting in a slope of 0.024 
m/m. Light grey line is the line of best fit with a R2 value of 0.98. B) Longitudinal profile 
of the reference reach, resulting in a slope of 0.013 m/m. Light grey line is the line of best 
fit with a R2 value of 0.95.  
 
I also conducted the same Montgomery and Buffington comparison to the 
reference site. From surveying my established cross-sections and longitudinal profile, I 
determined the slope to be 0.013 m/m (Figure 12B). Plotting this in the Montgomery and 
Buffington’s (1997) boxplots, it fits just above the median of the forced pool-riffle, in the 
third quartile of the pool-riffle, and in between the first and second quartile of the plane-







































and plane-bed morphologies, see Figure 14. And lastly, comparing the overall grain size 
distribution of all cross-sections plots almost exactly on top of the pool-riffle 
morphology, see Figure 15. All of the Montgomery and Buffington comparisons align 
most closely with pool-riffle morphology as do the cross-sectional and longitudinal 
profile geometries and field observations, I am confident that the morphology is pool-
riffle, with a steeper slope.  
  
Figure 13. Channel slopes of restored (0.024 m/m) and reference sites (0.013 m/m) along 
Little Thompson River are shown for comparison, in addition to the design slope (0.022 




Figure 14. Known Montgomery and Buffington morphology types slope vs. drainage area 
with restored and reference site’s slope and drainage area plotted with them for 
comparison. Restored site represented by the blue dot and the reference site represented 





Figure 15. Known Montgomery and Buffington morphology types grain size 
distributions with restored and reference site’s grain size distributions overlaid on them 
for comparison. Restored site represented by the blue curve and the reference site 




TOPOGRAPHIC SURVEYS, SEDIMENT  
TRANSPORT, FLOW EQUATIONS,  
AND HYDRAULIC MODELING 
Grain size distributions for each cross-section and the overall distribution for both 
the restored and reference sites are plotted in Figures 16 and 17 respectively, and selected 
values shown in Table 2. The restored site’s cross-section distributions have a lot of 
spread amongst each other and the overall distribution (Figure 16) compared to the 
reference site where all the cross-sections are relatively similar and tighter around the 
overall distribution (Figure 17). It is expected that the overall grain-size distributions 
would be similar to each other given their relative proximity to one another and similar 
 pre-disturbance morphologies. I ran a K-S test to compare the two distributions and 
found a p-value of  <0.001 indicating that the two distributions are statistically different. 
 
Figure 16. Restored site grain size distributions. Light grey lines represent individual 


























Figure 17. Reference site grain size distributions. Light grey lines represent individual 




Figure 18. Overall grain size distributions for each site used in the K-S test. Restored site 
















































Grain Size (mm) 
Restored Reference 
D10 10 8 
D15 15 11 
D16 15 12 
D25 23 18 
D50 55 38 
D60 69 43 
D75 88 67 
D84 110 89 
D90 126 108 
 
Using the reach slope, I found the dimensionless critical shear stress (τc*) of the 
reaches to be 0.065 for the restored reach and 0.049 for the reference reach, indicating 
higher threshold for motion for the restored site. Then, using the dimensionless critical 
shear stress and the median grain size of each cross-section, I found the critical shear 
stress (τc) needed for mobilizing grains (see Figures 19 and 20, and Table 3). Next, I 
found the boundary shear stress (τ0) first of the geomorphic bankfull found from 
surveying (Table 3) the cross-sections, and second from the different flow simulations 
(Figures 19 and 20) based on the StreamStats discharges (Table 4). Roughness values are 
shown in Table 5, using the roughness values from Lane’s equation in hydraulic 
modeling, as they best-matched field observations.  
Hydraulic modeling gives the boundary shear stress produced by the different 
flow simulations, shown in Figures 19 and 20. At the restored site, modeling shows that 
the overall boundary shear stresses are out of sync with the critical shear stress. The Q2, 
which is expected to meet and begin to exceed the critical shear stress, is well under the 
critical shear stress, except at cross-section 14, at the downstream extent of the reach. It is 




indicating the sediment transport is infrequent and uneven spatially and temporally and 
has not reached equilibrium.  At the reference site, modeling shows that the boundary 
shear stresses produced by different flows are more in sync with the critical shear stress. 
In fact, at and above the Q5, all cross-sections exceed the critical shear stress, indicating 
sediment transport is more consistent with what is expected, having reached quasi-
equilibrium. 
Hydraulic models also output different inundation levels for different flows. It is 
expected that the Q2 flow will fill the geomorphic bankfull channel and possibly begin to 
go overbank. At the restored site, riprap, the road, the steep hillslope or bedrock outcrops 
confine many cross-sections on one or both sides except for cross-sections six to ten, 
where the channel does have some freedom to move on either side. Selected cross-
sections from each site, are shown to illustrate the inundation of different flows (Q2-
Q100), see Figures 21-29. 
Cross section five of the restored site (Figure 21) shows a subtle geomorphic 
bankfull on both sides of the channel that the Q2 flow almost fills up to. However, it is 
not until a Q50 flow that the overbank area on river right, where vegetation is beginning to 
be inundated. Cross section six of the restored site (Figure 22) shows a distinct 
geomorphic bankfull on both river left and right, however, the river right is significantly 
higher than the left. The Q2 flow meets the geomorphic bankfull on the river left, and by 
the Q5 flow, it goes over the bank and inundates the vegetation on the left side. On river 
right, the geomorphic bankfull is not meet until a Q25 flow and inundates between a Q25 
and Q50 flows, and does not inundate the planted vegetation until flows of Q100 or larger. 




there is a distinct geomorphic bankfull on both the river left and right. They are not equal 
to each other with the left bank slightly higher than the right. The Q2 flow does not meet 
the geomorphic bankfull on either side; it is not until Q10 that the bankfull is almost met 
on river right. A flow between Q10 and Q25 fills the channel and inundates the vegetation 
well beyond the active channel. Cross section eight of the restored site (Figure 24), just 
downstream of the confluence, has a relatively defined geomorphic bankfull level on both 
sides of the channel. The Q2 flow meets the geomorphic bankfull, but it does not inundate 
a lot of the vegetation; however by a Q5 flow, the vegetation is fully inundated. Cross 
section eleven of the restored site (Figure 25) has a well-defined geomorphic bankfull on 
river left and is pinned to a bedrock outcrop on river right. The Q2 flow meets the 
geomorphic bankfull and by Q5 is inundating most of the vegetation. Cross section twelve 
of the restored site (Figure 26) is again pinned to a bedrock outcrop on river right, 
however, the geomorphic bankfull lacks definition on river left. The Q2 flow undoubtedly 
exceeds the geomorphic bankfull call made in the field and is inundating the vegetation. 
Cross section one of the reference site (Figure 27) shows a relatively distinct 
geomorphic bankfull on both sides, which is met by the Q2 flow, fully inundating the 
vegetation. Cross section two of the reference site (Figure 28) shows a very subtle 
geomorphic bankfull on river left, and on the right vegetation changes were used to 
identify bankfull. The Q2 flows line up with bankfull calls on each side, inundating the 
vegetation. Cross section five of the reference site (Figure 29) shows a distinct 
geomorphic bankfull on both river right and left. The Q2 flow does not fill the channel to 




The Q2 flow, however, does inundate much of the willows present at this cross section, 
leaving out most of the wild rose and quaking aspens. 
Table 3. Median gain size, critical shear stress, and geomorphic bankfull boundary shear 

















τ0 = ρgSR 
[field survey] 
(N/m2) 
1 82.8 2.24 9.49 0.24 89.29 55.46 
2 83.3 6.61 14.43 0.46 89.81 107.72 
3 17.3 1.00 8.52 0.12 18.61 27.62 
4 56.4 3.50 10.71 0.33 60.84 76.85 
5 59.3 2.23 7.54 0.30 63.91 69.61 
6 52.9 1.46 4.72 0.31 57.08 72.55 
7 55.4 0.96 5.19 0.18 59.71 43.36 
8 56.1 1.68 6.21 0.27 60.49 63.52 
9 79.2 1.51 11.98 0.13 85.40 29.56 
10 34.0 6.68 20.96 0.32 36.67 74.94 
11 57.8 2.26 8.90 0.25 62.35 59.77 
12 45.9 1.29 8.25 0.16 49.47 36.71 
13 78.5 3.39 9.85 0.34 84.67 80.92 

















τ0 = ρgSR 
[field survey] 
(N/m2) 
1 44.3 1.80 6.25 0.29 36.02 36.77 
2 34.2 3.88 11.48 0.34 27.80 43.03 
3 33.8 2.17 10.77 0.20 27.47 25.63 
4 45.4 1.37 6.09 0.22 36.96 28.64 
5 35.1 2.68 8.15 0.33 28.52 41.83 
 
 
Table 4. Different return intervals of flow for each reach used in the HEC-RAS modeling.  
















Restored 3.65 5.58 7.02 8.81 10.87 12.63 14.3 17.3 
Downstream 
Restored 4.16 7.65 9.71 12.26 15.23 17.84 20.11 24.81 




Table 5. Roughness types and equations for each cross-section at each site. 
Roughness 
Type Jarrett's n Limerino's n Anderson's n Lane's n 
Average 











section Restored Site 
1 0.093 0.026 0.030 0.033 0.030 ± 0.032 
2 0.096 0.022 0.030 0.033 0.028 ± 0.034 
3 0.089 0.047 0.025 0.026 0.033 ± 0.030 
4 0.091 0.032 0.030 0.031 0.031 ± 0.030 
5 0.099 0.019 0.029 0.032 0.027 ± 0.037 
6 0.094 0.029 0.029 0.031 0.030 ± 0.032 
7 0.094 0.031 0.029 0.031 0.030 ± 0.032 
8 0.091 0.035 0.028 0.031 0.031 ± 0.030 
9 0.095 0.023 0.030 0.033 0.029 ± 0.033 
10 0.099 0.027 0.029 0.030 0.028 ± 0.035 
11 0.092 0.033 0.029 0.031 0.031 ± 0.030 
12 0.090 0.036 0.029 0.031 0.032 ± 0.029 
13 0.092 0.027 0.030 0.033 0.030 ± 0.031 
14 0.093 0.034 0.028 0.030 0.031 ± 0.032 
Cross-
section Reference Site 
1 0.075 0.026 0.029 0.032 0.029 ± 0.023 
2 0.077 0.029 0.029 0.031 0.030 ± 0.023 
3 0.080 0.028 0.027 0.029 0.028 ± 0.026 
4 0.076 0.025 0.028 0.030 0.028 ± 0.024 
5 0.077 0.035 0.028 0.029 0.031 ± 0.023 





Figure 19. Restored site shear stresses. Critical shear stress of each cross-section is shown 
in the thick black line with dots representing cross-section locations at distances 
downstream. Colored lines are the boundary shear stresses exerted by different discharges 































Figure 20. Reference site shear stresses. Critical shear stress of each cross-section is 
shown in the thick black line with dots representing cross-section locations at distances 
downstream. Colored lines are the boundary shear stresses exerted by different discharges 





























Figure 21.  Restored reach cross-section five. On river left riprap and the road bind the 
channel and on the far river right the channel is bound by the hillside. 
 
 
Figure 22. Restored reach cross-section six. On river left riprap and the road bind the 
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Figure 23.  Restored reach cross-section seven. On river left riprap and the bridge bind 
the channel and on the far river right the channel is bound by the hillside.	
 
Figure 24.  Restored reach cross-section eight. Located downstream of the confluence, 
the channel is no longer tightly confined by the riprap or road, there is more overbank hill 
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Figure 25.  Restored reach cross-section eleven. The channel is unconfined on the river 




Figure 26.  Restored reach cross-section twelve. The channel is unconfined on the river 












































Figure 27.  Reference reach cross-section one. Relatively confined on both the river right 
and left, with the road in close proximity on the right.  
 
  
Figure 28.  Reference reach cross-section two. River Left is the outside of the meander 
bend with a steep talus slope. River right is the inside of the meander, with a gentler slope 
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Figure 29.  Reference reach cross-section five. Relatively confined on both the river right 




Table 6 shows complexity metrics of the overall grain size distributions and 
longitudinal profiles from Wohl (2016). The complexity metrics are all very similar 
between the restored reach and the reference reach (Table 6). The overall grain size 
distribution of the restored reach shows less spread above and below the median 
compared to the reference reach, however, the restored reach's distribution has a higher 
standard deviation. The restored reach has a slightly higher Fredle Index, or porosity of 
bed sediments, which is related to spawning habitat. Both the longitudinal profiles have 
high R2 values of 0.98 for the restored and 0.95 for the reference reach. The restored 
reach has a higher sum of the squared errors for its linear regression compared to the 
reference reach, likely due to the different sample sizes. However, if you compare the 
























the restored being slightly higher at 0.07 compared to 0.05 for the reference. The restored 
reach is also more sinuous compared to the reference reach. Table 7 shows counts of 
different geomorphic units normalized by the longitudinal length of the reach, and some 
geomorphic units are visible in drone imagery (Figures 30 and 31). The restored site is 
only higher in riffles, while the reference reach has more pools, large woody debris 
(LWD), and side channels or mid-channel bars. The higher counts found at the reference 
site equate to more habitat units at the reach, compared to the restored reach. 
Table 6. Complexity metrics of each site.  
Complexity Metric Equation Restored Reference 
Spread above median D84/D50 1.99 2.36 
Spread below median D10/D60 0.14 0.19 
Sorting: standard deviation of 
distribution (D84-D16)/2 47.26 38.47 
Fredle index: porosity of bed 
sediments √D16D84/√D75/D25 20.59 16.92 
Gradation coefficient: spread in 
sediment distribution ((D84/D50)+(D50/D16))/2 2.83 2.75 
Sediment coefficient of 
variation (√(D84/D16))/D50 0.05 0.07 
Kurtosis: measure of 
peakedness of distribution (D90-D10)/(1.9(D75-D15)) 0.84 0.94 
Phi skewness: measure of 





Thalweg R2: goodness of fit of 
linear regression to LP LP 0.98 0.95 
SSE: sum of errors of linear 
regression LP  501.42 142.55 
MSE: mean squared error of 
linear regression LP 0.07 0.05 
Planform sinuosity: ratio of 
cumulative downstream 
distance along profile to 
straight-line distance 










Table 7. Geomorphic unit counts normalized by reach length for each site. 
Units per 100 meters Restored Reference 
Pools 2.1 2.9 
Riffles 3.9 3.7 
Large Woody Debris 2.1 3.3 
Side Channels/Mid-Channel Bars 0.6 1.2 
 
 
Figure 30. Current (August 2019) drone imagery of the restored site.  Some of the 






Figure 31. Current (August 2019) drone imagery of the reference site. Some of the 




 Figure 32 shows the location of every individual riparian plant found within the 
WRV planted area, for a total of 3,794 individual plants. I used the WRV planted list 
from the revegetation to compare to the surveyed plants currently there (summer 2019). 
From this, I calculated 23% of plants were of species not planted, primarily cottonwoods, 
and the remaining 77% were species planted with 73% of those being Salix species. The 
total inventory of current plants in the WRV planted area is shown in Figure 33. I found 
that 34% of the Salix species were planted by WRV, leaving the remaining 66% to have 
naturally recruited, equating to a survival rate of 291%. I was also able to calculate the 
survival rate of the alders to be 25%. I could not calculate the remaining species' survival 
rates because the planted numbers were not reported. These species collectively were 
only 4% (145 plants) of the total plants within the planted area. Vegetation surveys 





comprising 72% of all vegetation present throughout the entire reach extending beyond 
the WRV planted area. 
 










Figure 33. Inventory of plant species within the WRV planted area (left), with the 
survival of the Salix species (right).  
 
Vegetation Plots 
At the restored site, I established plots along six of the cross sections with a total 
of 39 plots. Within the 39 plots, I identified 59 woody plants for an overall average 
density of 1.40 plants per square meter. I then calculated the overall cover percentages as 
30.4% herbaceous, 66.1% bare, and 3.5% woody plants. At the reference site, I 
established plots along five of the cross-sections with a total of 28 plots. Within the 28 
plots, I identified 132 woody plants for an overall average density of 4.55 plants per 
square meter. I calculated overall cover percentages as 26.7% herbaceous, 64.2% bare, 
and 9.2% woody plants. Table 8 shows cross-sectional densities and cover averages from 
both sites. The reference reach has a denser and more diverse plant community, despite 






























2 6 6 1.00 38.3 58.8 2.8 
5 6 1 0.17 10.7 89.3 0.0 
7 9 16 1.78 27.8 70.3 1.9 
9 6 7 1.17 40.0 57.2 2.8 
11 6 4 0.67 37.5 57.5 5.0 
14 7 25 3.57 28.1 63.6 8.3 



















1 5 8 1.60 34.0 63.2 2.8 
2 6 24 4.00 51.7 44.0 4.3 
3 5 13 2.60 17.0 72.4 10.6 
4 7 50 7.14 20.3 64.6 15.1 
5 5 37 7.40 10.4 76.6 13.0 
Total 28 132 4.55 26.7 64.2 9.2 
 
 
Figure 34. Inventory of species found in plots at each site. The restored site (left), is 
primarily comprised of Salix species shown in green colors, which were planted by 
WRV.  Great Plains Cottonwoods are the second most abundant species type, which 
requires disturbance for recruitment. At the reference site (right), Salix species and Great 
Plains Cottonwoods comprise much less of the overall diversity, it is primarily Wild Rose 




Plot data were used to make statistical comparisons between the two sites. Of the 
species found in the plots, only five occurred at both sites, and could be used in the 
statistical analysis due to an outlier (see Table 9 for species’ average height and basal 
diameter). I ran an ANOVA test on the plot data to look for significant differences in 
height, basal diameter, distance from thalweg, and elevation above thalweg between each 
species at each site. The ANOVAs returned p-values <0.05, indicating there were 
significant differences in characteristics. I then ran a Tukey’s Honestly Significant 
Difference test to determine which species were significantly different between the sites. 
I found Salix exigua and Salix irrorata have a significant difference in elevation above 
the thalweg with adjusted p-values of 0.0000388 and 0.0074227, respectively. I 
calculated the differences in elevation about the thalweg of Salix exigua to be 
approximately 1.0 m higher and the Salix exigua to be approximately 1.6 m higher. 
Table 9. Average height and basal diameter of species found within plots at both sites. 
Species 
Average Height (cm) Average Diameter (mm) 
Restored Reference Restored Reference 
Alder 93.5 110.83 8.4 4.36 
Ponderosa Pine 27 17.5 5.87 4.75 
Salix exigua 64.58 83.38 4.65 3.85 
Salix irrorata 42.25 21.5 3.94 2.38 
Great Plains 









Considering the parameters outlined in Montgomery and Buffington (1997) for 
different channel classification types, I have found the channel morphology of both the 
restored and reference reaches should be a pool-riffle. The implementation and design of 
a step-pool channel is inappropriate, given these parameters. The channel would have 
been even further from equilibrium if they had implemented a step-pool channel with a 
slope of 0.022 m/m because the slope is too steep and the grain size distribution is 
slightly lower. Switching the channel and the road to reduce the number of channel 
crossings likely resulted in shortening the channel length and over steepening the 
channel. Because of the inappropriate morphology implemented the channel has self-
adjusted, and filled in some of the designed pools, differences shown between Figures 6 
and 30. The transition to pool-riffle morphology is further confirmed with the drainage 
area to slope ratio and the grain size distribution, which is shown by the comparisons 
plotting in between the known Montgomery and Buffington classifications.  
No report has been published on the restoration site, so it is unknown why the 
Forest Service did not meet their own project design goals. After analyzing the data 
provided by the Forest Service, I am unable to compare any of the cross-section data I 




sections established and surveyed were moved after the data collection, and given new 
names, 2) unmoved cross-sections data were confusing and the comments do not line up 
with what I found in the field, and 3) the units are different and unspecified, and I was 
unable to convert them to anything useable. Given these challenges, the best I can say is 
that there has been deposition at the downstream end of the restored reach based on the 
shape of their cross-sections and field observations as well as aerial imagery, with 
evolution of the mid-channel bar and filling of pools, differences shown between Figures 
6 and 30.  
TOPOGRAPHIC SURVEYS, SEDIMENT  
TRANSPORT, FLOW EQUATIONS,  
AND HYDRAULIC MODELING 
 
The grain-size distributions for both sites plot near a Montgomery and Buffington 
(1997) pool-riffle channel. However; they are statistically different from each other with 
the restored reach’s median grain size larger compared to the reference reach. This is 
unexpected if only considering the downstream longitudinal trends present in most 
natural channels. At the restored reach, there is no obvious downstream trend in the 
median grain size distribution. The reference reach’s median grain sizes are all similar to 
each other and on average smaller compared to the restored reach (Table 2). I think the 
restored site serving as a staging area of construction material for nearby road 
construction and associated blasting can explain this. When the other projects were 
completed, the leftover material made its way into the restored channel, giving it a coarse 
tailed grain size distribution that would not be otherwise. There was also likely material 
brought in during construction with no way to know its size. Again, there is not a 




These grain size distributions have implications on the critical shear stress 
required for sediment transport. Critical shear stress values (Table 3) vary greatly at the 
restored site but are similar for all cross sections of the reference site. The critical shear 
stress reflects the variations of the median grain size of the cross-sections, with the 
restored site having a larger range compared to the reference site.  
I ran hydraulic models at different flow return intervals to see what boundary 
shear stress they produce to compare them to the critical shear stresses required for 
sediment transport for each of the sites. Figure 19 shows the restored site’s critical shear 
stress as well as the different boundary shear stresses produced from the different flows. I 
found only one of the fourteen cross sections, cross section fourteen at the most 
downstream extent of the reach, critical shear stress was exceeded by the boundary shear 
stress produced by the Q2 flow. The model results indicate that Cross section 14 is mobile 
during all of the simulated flows. Five of the fourteen cross-sections’ the critical shear 
stress is not exceeded by any of the modeled flows, with the return intervals going up to a 
Q500. The remaining eight cross sections’ critical shear stress is not met or exceeded until 
larger, more infrequent flows. This is likely due to the grain size distributions being 
larger than they naturally would be, as well as the channel being oversized. Figure 20 
shows the reference site’s critical shear stress as well as the boundary shear stresses 
produced from different flows. First, comparing the boundary shear stress produced from 
the Q2 flow, it is more similar to the critical shear stress and exceeds it in three of the five 
cross sections. The two remain cross sections’ critical shear stresses are both exceeded 




reached a quasi-equilibrium whereas the restored reach has not, and is still working 
toward attaining a quasi-equilibrium. 
Inundation is a good way to relate the hydrologic regime to the channel size as 
well as the functional placement of the vegetation or habitat within the river corridor. For 
the restored reach, cross-sectional geometries vary throughout the reach (Figures 21-26). 
Even considering that some of the cross sections are pinned either against riprap and the 
road or bedrock outcrops, many of the cross sections lack a distinct geomorphic bankfull 
geometry, while others are inconsistent between river right and left. The Q2 flow does not 
consistently fill the channel to the bankfull level, nor does it begin to go over the bank to 
inundate the vegetation. It isn’t until much higher infrequent flows that the channel is 
filled and begins to go over the bank to inundate the vegetation. This is again due to the 
channel being oversized for the hydrologic regime. The reference site, in contrast, has a 
more consistent geomorphic bankfull geometry throughout the reach both between river 
right and left and among other cross sections (Figures 27-29). The Q2 flows do not 
always fill the channel to the bankfull level however; it is more consistent compared to 
the restored site. The inundation of the reference site indicates the channel is a more 
appropriate size and further supports the reach being in a quasi-equilibrium with the 
hydrologic regime. 
COMPLEXITY MEASUREMENTS 
The different complexity measurements I considered (Table 6) were all generally 
similar. The main differences between the sites’ complexity measurements are the sorting 
and porosity of the sediment and the planform sinuosity of the reach, with the restored 




and the implementation of a very sinuous channel during construction explain this. The 
channel has self-adjusted to become less sinuous, and will likely continue to do so.  
The counts of the geomorphic units illustrate the major differences between the 
sites (Table 7). The counts, even though they are not normalized by size, still give a lot of 
insight into the complexity of the reaches. The restored reach pools and riffles numbers 
are not surprising given the design of the channel and what was implemented during 
construction. From the post-construction imagery (Figure 6), there are visible pools that 
have filled in and gotten smaller compared to current imagery (Figure 30). The channel 
appears to have no large wood in the post-construction imagery, nor does the provided 
data indicate any in the large wood in the design. All large wood appears to be imported 
since project completion. The channel design also excludes any side-channel pathways or 
mid-channel bars. The reference site has high counts in all but riffles; this is likely due to 
it being undisturbed post flood.  
There is an interaction between the large wood and the evolution of the mid-
channel bar at the restored site. Assuming all large wood present in the channel was 
naturally deposited, it is likely more will accumulate in the future, increasing the 
complexity and habitat to the reach. The large wood and evolution of the mid-channel bar 
is also likely linked to the over-steepened slope of the channel and the channel trying to 
self-adjust its slope by depositing fine sediment, resulting in the mid-channel bar. The 
human intervention at the restored site has seemingly caused a secondary disturbance 
placing the reach further from equilibrium by creating a more simple channel that has an 
over-steepened slope, a coarse-tailed grain-size distribution, and channel geometry that is 




reached a quasi-equilibrium between its slope, grain size distribution, channel geometry, 
and the hydrologic regime. 
VEGETATION SURVEYS 
Survival 
The revegetation efforts at the restored site have had mixed results; on the one 
hand the willow species are thriving, and on the other, the survival rates are poor or 
unknown for the other four planted species, but assumed to be poor based on inventory 
numbers. Based on the revegetation report, the removal of weeds and erosion control 
measures were acceptable. The decisions are unsupported, and there is a lack of a plan in 
the report, making it unclear why certain species were planted and what their numbers 
were, as well as the planting locations, any why they were chosen. Of the five plant types 
planted, only one, the willows are thriving with over 2700 plants, and the remaining four 
plant types are collectively 145 plants. It is unknown why the planted numbers of Wild 
Rose, American Plum, and Chokecherry and the total cost of the revegetation are 
unreported. The survival rates raise questions about revegetation decisions made from 
both an ecological and financial point of view. If willows have a high survival and 
reproductive rate, why is there more effort in planting so many of them compared to the 
other four plant types that had less planted numbers (assuming Wild Rose, American 
Plum, and Chokecherry planted numbers were less than 950 plants each). 
Vegetation Plots 
The inventory of plants from the plot surveys shows the restored site is less dense 
and diverse than the reference reach, despite having undergone revegetation. The 




Cottonwoods were the second most abundant within the plots, not surprising, as many 
large cottonwoods survived the flood in the restored reach and upstream to the reference 
reach that could have provided seeds. Cottonwoods mainly reproduce from seeds on bare 
surfaces during the falling limb of the hydrograph (Borman and Larson, 2002). Alder's 
presence is explained by it having been planted, although there is not a way to confirm 
these particular alders were planted or not. There is also alder at the restored site found 
outside of the WRV planted area, so it is possible they naturally recruited. The other 
woody species found at the restored site plots were Rocky Mountain Maple, Douglas fir, 
and Ponderosa pine, all of which are explained by the presence of mature plant surviving 
the flood. Wild rose was present at the restored site, however not in any of the plots 
extending beyond the WRV planted area, indicating it was also naturally recruited. For 
the reference site, which did not undergo any human intervention, inventory of species is 
quite different from the restored site. The reference site has multiple willow species in 
fewer occurrences compared to the restored site. The majority of the references site’s 
species are wild rose and quaking aspen, comprising almost half of the plants inventoried. 
Wild rose reproduces from seed (Macphail and Kevan, 2009) while quaking aspen almost 
always reproduces from clones or root sprouts rather than form seeds in the Western U.S. 
(Nesom and Anderson, 2003). This raises the question, why does wild rose not appear in 
more abundance. What required conditions is the restored site lacking, possibly to much 
sun exposure? The other species found in the plots at the reference site were Great Plains 
Narrow Leaf Cottonwoods, alder, Douglas fir, and Ponderosa pine, which again is 
explained by the presence of mature plants that survived the flood at the reach and 




The functional traits, height, basal diameter, and distance from thalweg of the 
plants in the plots are statistically similar between the sites. This leads me to believe they 
are of similar age or maturity class. Herbivory likely influences the height, however to 
what degree at each site is unknown. Since there is no way to identify which plants were 
planted at the restored site, it is possible the planted vegetation could influence or inflate 
the height and size of the plants. Planting could also influence the distance from the 
channel. Since I found no differences, it indicates they were planted at appropriate 
distances from the thalweg. The elevation above the thalweg is the only functional trait I 
found to be statistically different between the sites, finding the restored site's willows 1-
1.6 meters higher compared to the reference. The restored site's willows are higher due to 
the construction of an oversized channel. 
CONCLUSIONS 
The restored site also has a coarse-tailed grain size distribution paired with an 
over steepened slope and a shorter stream length in a channel that is oversized for its Q2 
flow and disconnected from the floodplain. The dimensionless critical shear stress, 
critical shear stress, and the median grain size are all higher at the restored site compared 
to the reference site. The dimensionless critical shear stress is based on slope, and the 
over steepened slope increased the dimensionless critical shear stress that is then used in 
the critical shear stress along with the median grain size, further increasing the threshold 
for sediment transport. All of this results in a reach that is not in sync in terms of its 
sediment transport and hydrologic regime, with a channel that is still transitioning to an 
equilibrium. Compared to the reference site that has a slope and grain size distribution 




critical shear stress and the flows are more in sync, indicating the reference reach is in a 
quasi-equilibrium. The restored site is overall less dense and diverse in vegetation, only 
the willow species are thriving from the revegetation, and the willows are approximately 
1.0-1.6 m higher in elevation above the thalweg. This indicates that it is lagging in its 
succession compared to the reference reach. The restored site is also less geomorphic 
complex than the reference site. This was seen both quantitatively in vegetation surveys 
and qualitatively in the field. 
The objective of this project was to develop metrics and protocols for evaluating 
river restoration success that integrates the interactions between vegetation, 
geomorphology, and hydrology using the Little Thompson River restoration site and an 
upstream reference reach. I had four main research questions that I wanted to answer as 
well as assessing if the restoration project objectives were met. Question one asked if the 
design morphology was appropriate for the setting. I found that he setting does not call 
for a step-pool channel, however, they implemented a mix of a step-pool and pool-riffle 
channel, making it better but still not appropriate. Question two asked if project 
objectives were met in terms of Beechie et al. (2010). Overall, I found that the project 
objectives were not met in terms of Beechie et al. (2010) restoration principles. The 
restoration actions did not address the root cause of degradation, they were inconsistent 
with the physical and biological potential, and did not match the scale of the degradation. 
At the site, they shortened the stream length, over-steepened the slope, and constructed a 
channel that is too large for the hydraulic regime, as well as coarsened the grain-size 
distribution. The increasing of the aquatic passage appears to only have been considered 




of the Little Thompson. Question three asked, was the Palmer et al. (2005) ecological 
framework followed. Overall, I do not think the channel is resilient to future disturbances.  
At this point it is hard to say if the channel will reach an equilibrium in the future, 
meaning the Palmer et al. (2005) ecological framework was not followed. However, the 
channel is oversized in terms of width, and disconnected from the floodplain, which is a 
project objective that was not met. And finally, question four asked whether he 
revegetation plan was appropriate for the setting, and ecologically was there a cost-
benefit. The lack of reporting in both the revegetation plan and its costs makes this hard 
to judge. Only one of the five species planted is thriving while the others have poor or 
unknown survival rates. Increasing the aquatic passage and connecting the channel to the 
floodplain are both appropriate project objectives and essential in river health. However, 
the decision to eliminate one of the crossings was unsupported, making it again hard to 
judge. Going off only the data I have, eliminating one of the crossings appears to have 
contributed to a decrease in channel length and an over steepened channel slope. The 
reduction of the crossing also introduced a lot of riprap to the reach, decreasing 
processes. Overall, I believe that the restored site underwent secondary disturbances from 
the staging area and subsequent restoration. These anthropogenic disturbances include 
constructing an inappropriate channel in terms of size, slope, and length, introducing 
leftover construction materials to the channel, increasing its grain size, moving the 
channel further from equilibrium. 
RECOMMENDATIONS 
My findings support the use of my conceptual triangle when considering river 




vegetation is vital for river health. It is my recommendation based on the findings of the 
project that protocols are set in place before disturbances occur and rapid assessment is 
needed. At the restored site, there was a sense of urgency to get the road open because 
people live off of County Road 47. The first response to the reach for human access went 
on to dictate and set the tone for the rest of the restoration project. First responses do no 
consider the river’s health, as they focus on assisting humans during the disturbance. My 
first recommended protocol would be to take time to find a good reference reach or 
multiple if possible. In the case of the Little Thompson restoration site, it appears that 
either the wrong reference or no reference was used. Checking up and downstream of the 
site could be ideal as they would be in the same watershed. The proper reference site will 
give insight to the channel type and parameters such as slope, grain size, and vegetation 
(if any remains). It could also be worthwhile to measure the slope and grain size of the 
site to be restored. I recommend getting data on the hydrology. If there is not a gauge at 
or near the site, I recommend using USGS’ Stream Stats 
(https://streamstats.usgs.gov/ss/). Stream Stats gives basic information on the flow 
regime, which can be used to design the size of the channel. I also recommend 
researching if there is any known vegetation data for the area that can influence what 
vegetation to plant if revegetation is part of the restoration project. The revegetation 
should also incorporate an ecological cost-benefit, including how many willows are 
needed to be effective without excessive cost for minimal gain. Finally, I highly suggest 
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Dimensionless critical shear stress power law equation:  
Restored site: τc*= 0.36 (0.024) 0.46 = 0.065 










Figure 35. Design planform of the restored site of the Little Thompson River, showing the old channel path from the flood and 
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existing pool tail crestz = 6697.96 ft; x = 556.47 ft
~~~~~~
ptc1z = 6703.40 ftx = 247.99 ft
ptc2z = 6702.31 ftx = 313.72 ft 
ptc3z = 6700.75 ftx = 380.51 ft
ptc4z = 6694.40 ftx = 613.14 ft 
ptc5z = 6693.63 ftx = 689.68 ft 
ptc6z = 6692.74 ftx = 779.22 ft 
ptc7z = 6690.59 ftx = 865.15 ft
ptc8z = 6688.29 ftx = 941.82 ft
ptc12z = 6695.09 ftx = 735.65 ft riffle at new confluencez = 6693.30 ftx = 847.65 ft 
ptc11z = 6695.91 ftx = 684.42 ft 





Figure 36. Longitudinal profile of the channel with both the design profile with a slope of 0.022 and the implemented profile 
with a slope of 0.024. 
 
 
